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Utilizing Wide-Area Signals for Off-Center SVCs to 
Damp Interarea Oscillations 
Abstract—Wide-Area Measurement Systems (WAMS) provide 
the opportunity of utilizing remote signals from different 
locations for the enhancement of power system stability. This 
paper focuses on the implementation of remote measurements as 
supplementary signals for off-center Static Var Compensators 
(SVCs) to damp inter-area oscillations. Combination of 
participation factor and residue method is used for the selection 
of most effective stabilizing signal. Speed difference of two 
generators from separate areas is identified as the best 
stabilizing signal and used as a supplementary signal for lead-
lag controller of SVCs. Time delays of remote measurements 
and control signals is considered. Wide-Area Damping 
Controller (WADC) is deployed in Matlab Simulink framework 
and is tested under different operating conditions. Simulation 
results reveal that the proposed WADC improve the dynamic 
characteristic of the system significantly.  
Index Terms— power system stability; interarea oscillations; 
time delay; Static Var Compensator (SVC); Wide-Area 
Measurements; stabilizing signal. 
I. INTRODUCTION 
Modern power system has many economic constraints 
(due to deregulation and introduction of markets) and various 
environmental concerns (such as reduced emissions and 
penetration of renewables). Interconnectors are heavily loaded 
with tight power transfer schedules forcing lines to operate 
close to their stability limits. Such situations might lead to 
lightly damped interarea modes [1]. Although Power System 
Stabilizers (PSS) damp local modes effectively, yet lack of 
observing interarea modes through local input signals for 
PSSs, limit their ability to damp these modes [2]. Recently, 
power system control and monitoring has benefited from 
Wide-Area Measurement Systems (WAMS) which utilizes 
global signals [3]. WAMS has an ability of monitoring power 
system dynamics to enhance system visualization as well as 
achieve reliable and powerful control structures [4].  
Flexible AC Transmission Systems (FACTS) are known 
for improving system stability. Static Var Compensator (SVC) 
is a shunt FACTS device primarily used for improving voltage 
stability of the system. Utilizing SVCs for damping interarea 
oscillations can be achieved by using a controlled 
supplementary signal superimposed with the voltage 
reference. This signal should have sufficient observability of 
interarea modes. The importance of selecting effective 
stabilizing signal for SVC and other FACTS devices is 
investigated in [5].  
Large interconnected power systems consist of several 
smaller areas connected to each other by long tie-lines for 
enhanced reliability and decrease in the spinning reserve 
requirements. SVCs may have been installed in various areas 
in the interconnected system for preventing voltage instability 
[6]. The location of these SVCs in the new configuration of 
interconnected power system might be at the sending end or 
receiving end of long tie-lines. 
Many studies have been carried out to use SVC for 
damping oscillations, for instance in [7] by using damping 
torque analysis, in [8] by applying an adaptive controller and 
in [9],[10] by proposing a robust additional damping 
controller. In all of the mentioned studies, SVC is installed in 
the middle of tie-line. 
In this paper, SVCs are located at two ends of a tie-line. 
This represents Australia’s Eastern power grid where several 
SVCs are installed near major load centers and two areas 
Queensland (QLD) and New South Wales (NSW) are 
connected by a tie line to schedule power transfers between 
these states [11]. Participation factors and residue method 
based on controllability/observability index is used to identify 
the best signals for damping interarea oscillations and by 
applying them for a conventional lead-lag controller as 
stabilizing signals. 
The rest of this paper is organized as follows: Section II 
briefly reviews power system model including SVC and time 
delay modeling. Section III discusses selection of appropriate 
stabilizing signal for damping controller. Section IV describes 
case study and results followed by conclusions in Section V. 
II. POWER SYSTEM MODEL 
A power system is a nonlinear system formulated by a set 
of nonlinear equations: 
ݔሶ ൌ ݂ሺݔ, ݑሻ																																													ሺ1ሻ	
ݕ ൌ ݃ሺݔ, ݑሻ																																													ሺ2ሻ 
Linearizing (1) and (2) around a given operating point 
would result in the state space-model of the system as below 
in (3) and (4):  
ݔሶ ൌ ܣݔ ൅ ܤݑ																																									ሺ3ሻ	
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ݕ ൌ ܥݔ																																																				ሺ4ሻ 
where ݔ is the ݊ ൈ 1 state vector; ݑ is the ݇ ൈ 1 control 
vector and ݕ is the ݍ ൈ 1 measured output vector. ܣ is a 
system matrix ( ݊ ൈ ݊ ), ܤ is a ݊ ൈ ݇ matrix and ܥ is a ݊ ൈ
ݍ	matrix 
A. SVC Modeling 
The SVCs are assumed to have a 200 MVAr capacitor in 
parallel with a 200 MVAr reactor which leads to a susceptance 
range of -1.0 to 1.0 pu. The average time delay due to thyristor 
valves firing is 4 ms. The simplified model of SVC with its 
control block diagram is shown in Fig. 1. 
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Fig. 1. Control Block Diagram of SVC 
B. Time Delay 
Time delay in the communication systems should be 
considered to obtain more accurate results by incorporating 
the distance between WAMS and SVC controllers. First order 
Padé approximation is usually used for modeling time delays 
[2]. Second order Padé approximation provides more precise 
values for larger time delays [12]. In this work time delay is 
approximated as follows: 
ܩ݈݀݁ܽݕሺݏሻ ൌ
1 െ ܶ2 ݏ ൅
ܶ2ܵ2
12
1 ൅ ܶ2 ݏ ൅
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																									ሺ5ሻ 
 
C. Wide Area Damping Controller 
In this paper the wide-area damping controller (WADC) 
has been modeled as a lead-lag controller. The transfer 
function of this controller is: 
ܩௐ஺஽஼ሺݏሻ ൌ ܭ ݏܶ1 ൅ ݏܶ ൤
1 ൅ ݏ ଵܶ
1 ൅ ݏ ଶܶ൨
௠
																				ሺ6ሻ 
where ܭ is the gain of this controller, ܶ is the wash-out 
time constant and ଵܶand ଶܶ are compensation time constants 
calculated in accordance with the method explained in [13]. 
Fig. 2 shows the block diagram of the controller. 
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Fig. 2. Block diagram of wide-area damping controller 
III. SELECTION OF APPROPRIATE STABILIZING SIGNAL 
The locations of using stabilizing signals are preselected 
(the SVCs used them as their input signals). However, the 
suitable wide area signals need to be specified. Fig 3 shows 
the schematic of selecting wide are signals using Phasor 
Measurement Units (PMUs) and collect at Phasor Data 
Concentrator (PDC). The appropriate signal is then used in 
WADC and used in the SVC supplementary controller with 
delays as shown in Fig. 1. 
 
Fig. 3 Control Structure of power system 
Participation Factors (PF) indicate participation of states 
for each mode, and by using the most participated ones as 
measured outputs and applying residue based method; the best 
stabilizing signals for the WADC controller will be detected. 
PF of state ݆ for a specific mode ݅ can be obtained by using 
right eigenvector ∅ and left eigenvector	߮ [1], where ∅߮ ൌ ܫ௡ 
and ݊ is the number of states, therefore:  
ܲܨ௜௝ ൌ ∅௜௝߮௝௜																																								ሺ7ሻ 
By selecting the most participated states for the specific 
mode and measuring those as outputs, the matrix ܥ is 
developed, and the residue can be calculated from the transfer 
function which derived from (3) and (4) [13]: 
ܩሺݏሻ ൌ 			 ܻሺݏሻܷሺݏሻ 	ൌ෍
ܴ௜
ሺݏ െ ߣ௜ሻ
௡
௜ୀଵ
																												ሺ8ሻ 
ܴ௜௝ ൌ lim௦→ఒ೔ሺݏ െ ߣ௜ሻ ܩ௝ሺݏሻ																																				ሺ9ሻ 
where ߣ௜ is eigenvalue of the system, ܩ௝ሺݏሻ is the transfer 
function for a specific output and input, and ܴ௜ is residue of 
transfer function ܩሺݏሻ for eigenvalue ߣ௜ . Residues can be 
formulated as:  
ܴ௜ሺ௝,௞ሻ ൌ ܥ௝∅௜߮௜ܤ௞																																				ሺ10ሻ 
ܴ௜ሺ௝,௞ሻ is  the product of observability and controllability 
of mode ݅ from output ݆ and input ݇ respectively; ܥ௝ is the ݆th 
row of matrix ܥ related to output j; ∅௜ is the ݅th column of 
right eigenvector related to mode i; ߮௜ is the ݆th row of left 
eigenvector related to mode ݅ and ܤ௞ is the ݇th column of 
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matrix ܤ related to input ݇. In this work the ܤ matrix has two 
columns that each column is related to the input location of 
voltage regulators of SVCs and the rows of ܥ is equal to the 
number of most participated states. Therefore, the stabilizing 
signal will be determined from residue method and WADC 
will use it as its input signal to generate an output to add it to 
the input of SVC, as it can be seen in Fig. 1. 
IV. CASE STUDY AND RESULTS 
A four-machine, two-area system is used as the test system 
which is shown in Fig. 4. This system is a widely used test 
system for studying low frequency oscillations. The details of 
this test system can be found in [1]. In order to analyze the 
effect of SVCs, loads and generation power of machines are 
modified to increase the transferred power through the tie-
lines. Generator 1 and 3 utilize PSS which rotor speed 
deviation is applied as the input signals of PSSs. The output of 
PSSs are limited to ±0.15 pu. The transfer function of the 
PSSs is as in (11). The wash-out time for WADC is 10 s, K is 
20, the level of lead-lag controller is two (m=2) and the 
default value of time delay for remote signals is assumed to be 
100 ms. The overall control structure is shown in Fig. 3. 
Fig. 4. Two-area four-machine power system diagram 
ܩ௉ௌௌሺݏሻ ൌ 25 ൬ 10ݏ1 ൅ 10ݏ൰ ൬
1 ൅ 0.05ݏ
1 ൅ 0.03ݏ൰ ൬
1 ൅ 3ݏ
1 ൅ 5.4ݏ൰			ሺ11ሻ 
 
The simulation has performed on Matlab Simulink 8.0 and 
control system toolbox has also been used for linearizing the 
system to evaluate the small signal stability of the system.  
A. Small disturbance 
 At the first stage, by linearizing the power system around 
a given operation point, right and left eigenvector are 
calculated. The interarea mode for the system has the 
frequency of 0.66 Hz and its damping ratio is 6.09%. 
Participation factors determine the most participated states for 
this mode which are the rotor speeds and rotor angles of four 
generators ሺݓଵ, ݓଶ, ݓଷ, ݓସ, ߜଵ, ߜଶ, ߜଷ, ߜସሻ. Fig. 4(a) shows the 
active power which is transferred between area one (left side 
of transmission line) and two (right side of transmission line) 
and Fig. 4(b) illustrated the speed of generator 1 and 3 for 
increasing reference voltage of G1 by 5% for 200 ms. Time 
delay is assumed to be 100 ms. It can be concluded that the 
damping of this mode is not sufficient, since the damping ratio 
is 6% and the rate of decay is 0.25. 
These 8 states are used as measured outputs, and now by 
calculating the residue of each output for the interarea mode, 
the best stabilizing signal will be detected. Table I shows the 
values of residues for rotor speeds (the residues of rotor 
speeds were larger than rotor angles) while the control input 
location is SVC1 and none of these states can provide 
sufficient damping by itself. In order to increase the 
observability of this mode, the speed difference of two 
generators from separate areas which oscillate against each 
other can be used. The amounts of residues for the speed 
difference of the generators from different areas are presented 
in table II. It reveals that ݓଶସ(the speed difference between ݓଶ 
and ݓସ) has the most residue, and therefore this interarea 
mode has the most observability from the viewpoint of this 
control signal. 
 
 
Fig. 4. Response of the (a)  active power trnasferred from area 1to area 2 and 
(b) rotor speeds of generator 1 and 3 to increase of  reference voltage of G1 
by 5% for 200 ms 
TABLE I.   
MAGNITUDE OF RESIDUE FOR THE INTERAREA MODE FOR SINGLE OUTPUT 
(SVC1) 
Measured Signal ݓଵ ݓଶ ݓଷ ݓସ 
Magnitude of residue 0.0090 0.0099 0.0122 0.0161 
TABLE II.   
MAGNITUDE OF RESIDUE FOR THE INTERAREA MODE FOR SPEED DIFFERENCE 
(SVC1) 
Measured Signal ݓଵଷ ݓଵସ ݓଶଷ ݓଶସ 
Magnitude of residue 0.0210 0.0238 0.0220 0.0259 
 
Therefore, by selecting ݓଶସ as the best stabilizing signal 
for damping the interarea mode, the values of parameters of 
WADC can be calculated. It is assumed that the controller is a 
two-level lead-lag controller (m=2) and	ܭ ൌ 20, time 
constants will be calculated in accordance with the approach 
proposed in [13] which results in ଵܶ ൌ 0.16 and	 ଶܶ ൌ 0.29. 
By calculating the residues for the second column of 
matrix	ܤ, the best stabilizing signal for the interarea mode for 
SVC2 is determined. Similar to the previous case ݓଶସ has the 
largest magnitude of residue. Complete values of residues for 
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other signals are presented in Table III and IV. The only 
difference in this case is that phase of the residue that related 
to ݓଶସ for SVC2 has 180 degrees difference with this phase 
for SVC1, therefore the output of WADC for SVC2 should 
have opposite sign of the signal than that for SVC1. Damping 
will increase when both SVCs are equipped with WADC 
output signal. When WADC is used for just one SVC, 
damping ratio is 13.2%, whereas it is 22% when WADC is 
used for both SVCs. This method can be integrated to cases 
where the stabilizing signal is different for different control 
signal locations. Under this circumstance, the signal which has 
acceptable residue magnitude from both control locations will 
be assumed as stabilizing signal and by a trade-off for tuning 
the controller, the suitable parameters for WADC can be 
determined. 
Fig. 5(a) and 5(b) discriminate the improvement of 
damping interarea oscillation when implementing WADC on 
one SVC and two SVCs. Table V presented the new frequency 
and damping ratio of the interarea mode. The WADC has 
increased the damping ratio to 22% and the rate of decay is 
enhanced to 1.01. The result proves that the WADC has 
increased the damping ratio effectively. 
TABLE III.   
MAGNITUDE OF RESIDUE FOR THE INTERAREA MODE FOR SINGLE OUTPUT 
(SVC2) 
Measured Signal ݓଵ ݓଶ ݓଷ ݓସ 
Magnitude of residue 0.0103 0.0113 0.0139 0.0184 
TABLE IV.   
MAGNITUDE OF RESIDUE FOR THE INTERAREA MODE FOR SPEED DIFFERENCE 
(SVC2) 
Measured Signal ݓଵଷ ݓଵସ ݓଶଷ ݓଶସ 
Magnitude of residue 0.0239 0.0272 0.0251 0.0296 
 

Fig. 5. Response of (a) the active power (b) rotor speeds of generator 1 to 
increase voltage refrence of G1 by 5% for 200 ms, with and without WADC 
TABLE V.   
FREQUENCY AND DAMPING RATIO 
System Model Frequency (Hz) Damping Ratio% 
Without WADC 0.66 6.09 
With WADC 0.73 22 
Fig. 6(a) and 6(b) show the rotor speed difference and 
rotor angle difference of ܩଵ and	ܩଷ, respectively. It is obvious 
that WADC has improved damping the oscillation. 
 
 
Fig. 6. Response of (a) rotor speed difference of G1 and G3, (b) rotor angle 
difference of G1 and G3 to increase voltage refrence of G1 by 5% for 200 ms 
The efficiency of this WADC for larger time delays caused 
by transmitting global signals is assessed. In Fig. 7 for 200 ms 
and 250 ms time delay, damping ratio decreases to 13.5% and 
9.1% respectively, but the system still has acceptable stability. 
 
Fig. 7. Response of the active power to different time delays to increase 
voltage refrence of G1 by 5% for 200 ms 
B. Severe disturbance 
Self clearing three phase bolted fault in the middle of one 
of tie-lines for 200 ms is created. Fig. 8 illustrates the real 
power transfer across tie-lines and rotor speed of G1. It can be 
seen that the WADC has improved the damping of the system. 
The suceptance variation of SVC1 and SVC2 is shown in Fig. 
9. Its value changes within the range of -0.9 to 1 pu.  
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Fig. 8. (a) Response of the active power and (b) rotor speeds of G1 to the 200 
ms short ciruit fault with and without WADC 
 
Fig. 9. Suceptances of SVCs 
Fig. 10(a) and (b) show the system response to 500 ms and 
650 ms short circuit fault, respectively. In fact the system 
crossed its transient stability margin for the faults larger than 
500 ms when WADC is not implemented on SVCs. Therefore, 
by using time domain simulation, it is observed that designed 
WADC has increased the transient stability margin of the 
power system and avoid the power system losing its stability. 
 
Fig. 10. Response of the active power to (a) 500 ms short cicuit fault (b) 650 
ms short ciruit fault 
V. CONCLUSION 
In this work, by using a combination of participation 
factors and residue based method, suitable input signal for 
WADC is identified. Based on the selected stabilizing signal, 
a wide-area damping controller (WADC) for off-center SVCs 
is designed. Simulation results show that the WADC 
improves the damping of interarea oscillations. The response 
of WADC is acceptable to different time delay caused by 
transmitting global signals. Time domain simulation shows 
that the transient stability margin of the system is also 
improved. In this paper a small test system is used and time 
delay for all signals is assumed to be same, but in a large 
system the amount of time delay might not be same for 
different remote signals. The future part of this research is to 
implement WADC with time delays for an Australian eastern 
interconnected network with several SVCs across 
Queensland-New South Wales interconnector (QNI). 
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